Photochemical internalization (PCI) is a method for release of endosomally/lysosomally trapped drugs into the cell cytosol. PCI is based on photosensitizers that accumulate in the membranes of endosomes and lysosomes. Light exposure generates reactive oxygen species that cause membrane rupture and subsequently drug release. PCI can be considered as a combination therapy of photodynamic therapy (PDT) and the administrated drug. The present work reports on mitogen-activated protein kinase signaling after PDT with the endocytically located photosensitizer TPPS 2a
Introduction
Photochemical internalization (PCI) is a novel technology for the release of endocytosed macromolecules into the cytosol (1, 2) . The technology is based on the light activation of photosensitizers located in endocytic vesicles and the subsequent formation of singlet oxygen ( 1 O 2 ) and other reactive oxygen species. In this way, endocytosed molecules can be released from the endocytic compartments and reach their target of action before they are degraded in lysosomes (Fig. 1) . PCI has been shown to stimulate intracellular delivery of a large variety of drugs that do not readily penetrate the plasma membrane, including type I ribosome inactivation proteins, ribosome inactivation protein -based immunotoxins, and DNA delivered as gene-encoding plasmids, or by means of adenoviruses or adenoassociated viruses, peptide nucleic acids, small interfering RNA, and chemotherapeutic agents such as bleomycin (3, 4) . The PCI principle has also been documented in several animal models in vivo (5 -8) . In general, PCI can induce efficient light-directed delivery of macromolecules into the cytosol and may have a variety of useful applications for site-specific drug delivery, for example, in gene therapy, vaccination, and cancer treatment.
The optimal utilization of the PCI technology for cancer therapy is by photochemical delivery of targeted macromolecules, thereby exerting a three-way specificity of the treatment by the preferential retention of the photosensitizers in the neoplastic lesions, by light-directed activation of the therapeutic macromolecule, and by the linking of a targeting moiety to the therapeutic macromolecule. Epidermal growth factor (EGF) receptor (EGFR) is a widely used receptor for targeted delivery of anticancer therapeutics due to its overexpression in a large variety of tumors. PCI of EGFR-directed proteins toxins has been shown very promising both by using EGF and the monoclonal antibody cetuximab as targeting ligands (9, 10) . PCI can be considered as a multimodality therapy of photodynamic therapy (PDT; treatment with photosensitizers and light) and treatment with the macromolecule of interest (Fig. 1) . The mechanisms of PDT-induced cell death and the interplay with EGFR-targeted ligands, which have their own cellular and therapeutic effects, is therefore of interest in PCI of EGFR targeting drugs.
The mitogen-activated protein kinase (MAPK) pathway plays a critical role in cell proliferation, survival, angiogenesis, and metastasis. The MAPK family consists of the three kinases: the extracellular signal-regulated kinase (ERK), the stress-activated protein kinase/c-Jun NH 2 terminal kinase (JNK), and p38. The activity and the role of the MAPKs have, to some extent, been studied after PDT and are suspected to be of importance in the cellular processes controlling death and survival after oxidative stress (11 -13) . The activation patterns and functions of the MAPK after photochemical treatment are, however, strongly dependent of the cell type, photosensitizer, its cellular localization, and the light dose used. Little is known about the influence of photochemically activated and endocytically located amphiphilic photosensitizers as those used in PCI [e.g., meso-tetraphenylporphine with two sulfonate groups on adjacent phenyl rings (TPPS 2a )] on MAPKs and the role of MAPK activity for the outcome of this kind of PDT. We recently reported on photochemical effects on EGFR using TPPS 2a as a photosensitizer and showed that the PDT regimen as used in PCI, inactivated EGFR in a dose-dependent manner in NuTu-19 cells but not in WiDr cells. The present report addresses the role of the three MAPKs: ERK, JNK, and p38 in TPPS 2a -mediated PDT. All the MAPKs, except JNK in WiDr cells, were activated shortly after PDT in both NuTu-19 and WiDr cell lines. Blocking the activation of the MAPKs after PDT and PCI with suitable inhibitors showed that the p38 activation serves as a death signal, the JNK activation serves as a rescue signal, and the ERK activation has no influence on the treatment outcome. The present results document the importance of MAPKs in the sensitivity to PDT and PCI.
Materials and Methods
Cell Culture and Cultivation Two cell lines were used in this study: NuTu-19 rat epithelial ovarian cancer cell line (a gift from Dr. A.L. Major, University of Geneva) and WiDr human colorectal adenocarcinoma (American Type Culture Collection). Both cell lines were subcultured two to three times per week in RPMI 1640 (Sigma) supplemented with 10% FCS (Life Technologies), 100 units/mL penicillin, 100 Ag/mL streptomycin (Sigma), and 2 mmol/L glutamine (Bio Whittaker Europe). The cells where grown and incubated in 75 cm 2 flasks (Nunc) at 37jC in a humidified atmosphere containing 5% CO 2 .
PDT Treatment and Sample Preparation to SDS-PAGE NuTu-19 cells were seeded out in 63 cm 2 wells (400,000 per well; Nunc) 6 h before an 18-h incubation with 0.2 Ag/mL TPPS 2a . In some experiments, the cells were washed once with drug-free medium and immediately exposed to light from LumiSource (PCI Biotech) consisting of four light tubes, which deliver blue light with a peak at 435 nm and a fluence rate of 13.5 mW/cm 2 . In other experiments, cells were washed twice after photosensitizer incubation and chased for 4 h in drugfree medium before light exposure from LumiSource. WiDr cells were seeded out (600,000 per well) 24 h before 0.4 Ag/mL TPPS 2a incubation. The cells were washed twice with drug-free medium and incubated for 4 h with new drug-free medium before they were exposed to light from LumiSource. After the PDT treatment, cells were incubated at 37jC until the time of harvest. In the experiments where phosphatase inhibitors were used, sodium orthovanadate (NaVO 4 ; Sigma) was administrated to a final concentration of 1 mmol/L 2 h before exposure to light or okadaic acid (Sigma) was added to a final concentration of 1 Amol/L 30 min before exposure to light and the inhibitors remained in the medium until the time of harvest. The samples for testing the efficacy of the different MAPK inhibitors were (1) is taken into the cell by endocytosis (2 ) and is transported to an endocytic vesicle with photosensitizers localized mainly in its membrane. Light exposure of the photosensitizers (3) causes disruption of the membrane, and the drug escapes from the vesicle into the cytosol (4) were it interacts with its target (5) .
achieved by incubating the NuTu-19 cells with 50 Amol/L PD98059 (MEK inhibitor), 20 Amol/L SB203580 (p38 inhibitor), or 5 Amol/L SP600125 (JNK inhibitor) 1 h before light exposure. The inhibitors remained in the medium until the time of harvest: 5 min after light exposure for the MEK and p38 inhibitor and 2 h for the JNK inhibitor.
NuTu-19 and WiDr cells were harvested 5 min, 2 h, and 24 h after light exposure, except in the experiments where dose-dependent activation of JNK was studied where the NuTu-19 cells were harvested 1 h after exposure to light. Control samples were collected at the same time as the 2-h sample. Harvesting was done on ice by washing the monolayers once with ice-cold PBS before 100 AL lysis buffer (as recently described; ref. 14) was added. Benzonase (1 AL; Merck) was added to each sample before the samples were aliquoted and frozen at -80jC until use. When cells were stimulated with EGF in addition to PDT, EGF (Sigma) was added directly to the cell medium to a final concentration of 100 ng/mL and incubated for 2 min at room temperature before the wells were placed on ice and harvested. At least three independent sets of samples were prepared for each treatment. Toxicity of the in vitro PDT treatment was controlled by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method as explained before (14) . Briefly, the cells were incubated for 1 to 3 h with 0.25 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent (Sigma) 24 h after light exposure. The medium was then removed and the formazan crystals were dissolved in DMSO. Absorbance from formazan was measured at 570 nm, and viability was calculated relative to untreated cells.
SDS-PAGE, Western Blotting, and Immunostaining of Membranes
All samples prepared for protein signaling studies were subjected to SDS-PAGE, Western blotting, and immunostaining. Equivalent amounts of lysed cells (calculated from the nucleic absorption as earlier described; ref. 14) were subjected to gel electrophoresis on 12% SDS-PAGE and blotted to Hybond-P polyvinylidene difluoride membranes (Amersham Biosciences). Immunodetection was carried out using primary antibodies from Cell Signaling Technology (ERK1/2, phospho-ERK1/2, p38, phospho-p38, phospho-MAPKAPK-2, JNK, phospho-JNK, and phospho-c-Jun) and one antibody from Santa Cruz [MAPK phosphatase-1 (MKP-1)]. Horseradish peroxidase -labeled rabbit (Promega) and mouse (Amersham Biosciences) antibodies were used as secondary antibodies. Enhanced Chemiluminescence Plus Western Blotting Detection System, STORM, and Image Quant (GE Healthcare) were used to detect protein bands and to calculate band intensity. Even loading of proteins was verified by the result that total protein did not change between the samples, even unspecific antibody binding in different samples, and/or by Ponceau staining of the membranes. Ponceau staining was done by incubating the membranes in a solution of 0.1% Ponceau (Sigma) and 5% acetic acid for 5 min. The red color was rinsed off with distilled water until only the proteins were stained.
Statistic Evaluations of the Western Blots
The Software Sigma Plot 10 with integrated Sigma Stat (Systat Software) was used for statistic calculations. The relative values of the band intensities were compared by t tests or the nonparametric Mann-Whitney test depending on whether the data fulfilled the criteria for approximate normality. In some experiments, this was achieved by a log transformation of the data. At least three independent data sets were included in each test. A two-sided significance level of P = 0.05 was used.
Influence of Activation of ERK, p38, and JNK on Viability after PDTand PCI NuTu-19 cells (2,500 per well) were seeded out in 96-well plates (Nunc) 6 h before an 18-h incubation period with 0.2 Ag/mL TPPS 2a (PDT samples) and 5 Ag/mL gelonin (Sigma; PCI samples). Cells were then washed three times with drug-free medium and chased 3 h before new medium with 50 Amol/L of the MEK inhibitor PD98059 (Sigma), 20 Amol/L of the p38 inhibitor SB203580 (Calbiochem), or 5 Amol/L of the JNK inhibitor SP600125 (Calbiochem) was added. The cells were incubated with the inhibitors for 1 h before being exposed to light from LumiSource. The inhibitors were kept in the cell medium until 2 h after light exposure when the monolayers were washed with fresh medium and incubated until viability was measured with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method 48 h after light exposure as explained above. The experiments were reproduced twice. The same procedure was followed for the WiDr cells with both the MEK and the p38 inhibitor, except that the cells were allowed to attach to the wells for 24 h before incubation with 0.4 Ag/mL TPPS 2a and 5 Ag/mL gelonin.
Results
TPPS 2a is an efficient photosensitizer for use in PCI and this photosensitizer has been shown to enhance the biological effect of several macromolecular drugs in vitro (3). When PCI is done, the photosensitizer first attaches to the plasma membrane before it is endocytosed. One may therefore face scenarios where different amounts of the photosensitizer still are present at the plasma membrane at the time of light exposure (14) . The present study includes experimental setups to evaluate the importance of plasma membrane located photosenitizer. This is exerted by including or not a 4-h chase in photosensitizer-free medium after the photosensitizer treatment before exposure to light (14) .
The toxicity of the PDT treatment regimes used in the Western blot sample preparation has been reported previously (14) . If not otherwise described, the PDT doses used in this study reduced the cell viability by 30% to 50% in both cell lines as measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide method 24 h after light exposure.
TPPS 2a -PDT Activates ERK TPPS 2a -PDT had no effect on total ERK in NuTu-19 or WiDr cells irrespective of chasing in drug-free medium and EGF treatment ( Fig. 2A and B) . However, TPPS 2a -PDT in p38 Induces Death but JNK Rescues Cells from TPPS 2a -PDT chased cells that were not stimulated with EGF induced an immediate activation of ERK that lasted for about 2 h, increasing the phospho-ERK/total ERK ratio by f8-fold in NuTu-19 and f6-fold in WiDr 5 min after PDT ( Fig. 2A and B; Table 1 ). When the cells were stimulated with EGF 2 min before harvesting, the PDT-induced activation of ERK was much less pronounced compared with control cells treated with EGF only ( Fig. 2A and B ; Table 1 ). In chased WiDr cells, a second f6-fold increase in the phospho-ERK/ERK ratio was observed 24 h after PDT in non-EGFstimulated cells but was also less pronounced when the cells were treated with EGF before harvesting (Fig. 2B) .
Influence of EGF on ERK Activation in PDT-Treated Cells
The results of the Western blot analyses as presented in Fig. 2A and B are relative values to untreated and EGF only -treated cells and the blots with and without EGF cannot be directly compared. In the same experimental setup, where a direct comparison can be made, EGF was found to increase ERK phosphorylation f3.5-fold in NuTu-19 cells not subjected to PDT and f1.5-fold in PDT-treated cells 5 min and 2 h after light exposure ( Fig. 2C ; Table 1 ). In WiDr cells, EGF induced a f2.5-fold activation of ERK in non-PDT-treated cells and f1.5-and f4-fold activation 5 min and 2 h after PDT, respectively ( Fig. 2C ; Table 1 ). Thus, EGF is able to stimulate ERK activation in both untreated and PDT-treated cells. Although the relative fold increase of ERK activation after EGF stimulation varied with time after light exposure (Fig. 2C) , the absolute effect of EGF on ERK phosphorylation seemed to be similar in all time points (Fig. 2C) . The concentration of EGF used in these experiments where optimal for ERK activation since a 10-fold increase in EGF had no influence on the level of ERK phosphorylation (Fig. 2D) . Interestingly, PDT in combination with 100 ng/mL EGF increased the level of ERK phosphorylation 5 min after light exposure above the level of ERK phosphorylation achievable with EGF alone (Fig. 2D) .
Influence of Phosphatases on the ERK Activation Profile Tong et al. have reported that ERK activation after Photofrin-PDT may be regulated by MKP-1 (15) . These authors found that MKP-1 expression was increased shortly after PDT and that this activation correlated with a concomitant dephosphorylation of ERK. It was therefore examined whether the phosphorylation of ERK in TPPS 2a -PDT-treated NuTu-19 cells was regulated by expression of phosphatases. Figure 3A shows that MKP-1 expression increases 3-to 4-fold 2 h after TPPS 2a -PDT in both EGFstimulated and unstimulated NuTu-19 cells. The increased expression of MKP-1 observed 2 h after PDT may cause the attenuation of ERK phosphorylation observed at 2 h compared with 5 min after PDT (Fig. 2A) . NuTu-19 cells were therefore treated with NaVO 4 , which inhibits tyrosine phosphatases such as MKP-1 (16, 17) , to evaluate the importance of phosphatase activation on the ERK activation profile. NaVO 4 was found to increase the level of phospho-ERK in non-PDT-treated NuTu-19 cells (Fig. 3B) . NaVO 4 was also shown to inhibit the increase of MKP-1 expression 2 h after PDT but had no effect on the ERK activation profile after the photodynamic treatment ( Fig. 2B  and C) . Similar results were obtained by treatment with okadaic acid, which inhibits threonine and serine phosphatases (data not shown). The importance of ERK phosphatases on the ERK activation profile in NuTu-19 cells after TPPS 2a -PDT is therefore questionable.
TPPS 2a -PDT Activates p38 Total p38 expression was not affected by TPPS 2a -PDT in either cell line. In the NuTu-19 cell line, a transient 3-to 4-fold increase in phospho-p38/p38 was observed 5 min after PDT and the level of activated p38 was reduced to the level of untreated cells 24 h later (Fig. 4A) . A similar activation of p38 in NuTu-19 cells was observed independently of the amount of photosensitizers retained on the plasma membrane at the time of light exposure and stimulation with EGF (Fig. 4A) . PDT on WiDr cells also resulted in f4-fold increase in phospho-p38/p38 5 min after light exposure independent of the different treatment regimes (Fig. 4B) . The activation of p38 was, however, more sustained in WiDr cells than in NuTu-19 cells and was in the former still observed 24 h after PDT. Photosensitizer without light exposure did not influence on p38 phosphorylation in WiDr cells (Western blot not shown). Photosensitizer or EGF alone did not alter the level of p38 phosphorylation in either cell line (results not shown).
TPPS 2a -PDT Activates JNK in NuTu-19 Cells No change in total JNK was observed after PDT in the two cell lines (Fig. 5A ) JNK was not activated by TPPS 2a -PDT in WiDr cells, whereas a detectable activation of JNK was observed 2 h after TPPS 2a -PDT in four of eight experiments in NuTu-19 cells (results not shown). In contrast to ERK and p38, no activation of JNK was observed 5 min after light exposure in these experiments, but phosphorylation of JNK was pronounced 1 to 3 h after PDT and was returned to the basal level at 24 h (results not shown). Studies with increasing light doses in NuTu-19 cells showed that the activation of JNK was dose dependent when measured at 1 h after light exposure and JNK was not strongly activated at doses killing <50% of the cells (Fig. 5B) . The reason for the variation in phospho-JNK detection after light exposure reported above may therefore be due to the treatment dose killing between 30% and 50% of the cells and thereby causing phosphorylation of JNK on the detection limit of our procedure. The immediate activation of ERK after PDT observed in this study was inhibited by using an inhibitor of MEK, 6A ; data not shown). In WiDr cells, the activation of ERK showed a second boost 24 h after light exposure (Fig. 2B) . However, a prolonged incubation of the WiDr cells with PD98059 resulted in significant reduction in cell viability (by 70% after 24 h of incubation) and was therefore not done. The p38 inhibitor SB203580, however, attenuated both PDT-and PCI-induced toxicity in NuTu-19 cells when added 1 h before and removed 2 h after light exposure (Fig. 6B) . At a light dose where PDT alone reduced the viability to 5% of that in untreated cells, SB203580 increased the viability 10-fold to 50% viability, and similar results were observed for the PCI samples. The resistance of SB203580-treated NuTu-19 cells to PDT and PCI indicate that the p38 phosphorylation observed shortly after PDT is an immediate death signal. The p38 inhibitor alone did not affect the viability of the cells. The ability of SB203580 to inhibit PDT-induced activation of p38 in NuTu-19 cells was controlled on Western blot, showing that SB203580 abolished the activation of MAPKAPK-2, a protein downstream of p38. SB203580, when added 1 h before and removed 2 h after light exposure, also showed a tendency to inhibit PDT-induced toxicity in WiDr cells although to a lesser extent than in NuTu-19 cells and only significantly in one of three experiments (results not shown). The p38 activation signal was more sustained in WiDr cells compared with NuTu-19 cells (Fig. 4B) , and experiments with the p38 inhibitor present for 24 and 48 h after light exposure were therefore done. However, this treatment caused a reduction in cell viability from the inhibitors alone by >60% and was not done.
The toxic effect of PDT was, in contrast to the p38 inhibitor, increased in the NuTu-19 cell line in the presence of the JNK inhibitor SP600125 at doses where PDT reduced the viability by z50% compared with untreated cells (Fig. 6C) . At a light dose where PDT alone reduced the viability by 50%, addition of the JNK inhibitor reduced the viability further to 20% of that in untreated cells. The increase in PDT-mediated toxicity by the JNK inhibitor (Fig. 6C) . SP600125 seemed to have little influence on cell viability after PCI of gelonin with doses killing up to 90% of the cells. However, at higher PCI doses, SP600125 enhanced the cytotoxic effect (data not shown).
Discussion
Intracellular signaling mechanisms regulating both death and survival have been studied after PDT, and signal transduction is shown to be dependent on the photosensitizer, the cell line and the PDT dose used (11) . This is, however, the first report on MAPK protein signaling after PDT with a photosensitizer relevant for PCI. ERK, p38, and JNK are involved in the regulation of growth, differentiation, survival, and death of cells, and the results presented here show that TPPS 2a -PDT interact with these proteins as a part of its mechanism of action.
The present study shows that TPPS 2a -PDT activates ERK and this is in contrast to what has been shown after aminolevulinic acid-PDT (18), Photofrin-PDT with 1 h incubation of the photosensitizers (18), and Hypericin-PDT (19) , where a reduction in phospho-ERK is reported. The present results are, however, in agreement with Tong et al. who reported that PDT after 18-h incubation with Photofrin activates ERK (15) . The similarity between the present results and the report by Tong et al. may be due to concurrent localization of TPPS 2a and Photofrin. Photofrin is a mixture of several porphyrins, which localize to different membrane structures of the cells dependent on the experimental setup and the cell line. In general, Photofrin-PDT targets mainly the mitochondria; however, there are indications that Photofrin may be partly or even mainly localized in endocytic vesicles in some cell lines (20, 21) . Photofrin-PDT has also been shown to target endoplasmic reticulum (22) , and as TPPS 2a relocalizes to endoplasmic reticulum after light exposure (23) , it has been argued that photochemical targeting of endoplasmic reticulum contributes to the cytotoxic effects of TPPS 2a -PDT (24) . Moreover, oxidative stress is well known to activate ERK by many mechanisms: activation of EGFR, activation of Src kinases, . Quantification of phospho-p38 was normalized to total p38 and presented as the amount relative to that in the non-PDTtreated control or cells treated with photosensitizers without light. Mean of two or three independent experiments; bars, SE. P values are presented in Table 1. p38 Induces Death but JNK Rescues Cells from TPPS 2a -PDT direct activation of Ras, increased Ca 2+ influx, and inhibition of phosphatase activity (13) . We have reported recently that TPPS 2a -PDT attenuates EGF-induced activation of EGFR (14) , and it is therefore not likely that the ERK phosphorylation observed after TPPS 2a -PDT in this study is mediated through EGFR. The activation of ERK could be caused by a photochemical damage of phosphatases such as MKP-1. As shown in Fig. 3B , NaVO 4 and PDT seem to activate ERK to a similar extent, but the Western blot in Fig. 3A shows no attenuation of the phosphatase 5 min after PDT (Fig. 3A) . However, because the active site of MKP-1 is located near the NH 2 terminal of the protein, whereas the MKP-1 antibody recognizes the COOH terminal, it cannot be excluded that photochemical damage in the active site of MKP-1 can take place without detecting any change in the cellular MKP-1 level.
Rose Bengal-PDT, aminolevulinic acid-PDT, and Photofrin-PDT have been reported to cause a loss of responsiveness to growth factors by photochemical targeting of EGFR (18, 19, 25) , and as TPPS 2a -PDT is shown to attenuate EGFR activation after EGF stimulation in the NuTu-19 cell line, it was considered most likely that the EGFR downstream signaling in NuTu-19 cells would be affected by TPPS 2a -PDT (14) . This study shows, however, that although EGFmediated EGFR activation is attenuated, the absolute phosphorylation of ERK by EGF is not reduced after PDT (Fig. 2C) . This may indicate that a rate-limiting step in EGF-mediated ERK phosphorylation is located downstream of EGFR. It is also possible that a negative feedback mechanism inhibits ERK activation by EGF in non-PDTtreated cells but not in PDT-treated cells due to reduced activation signal. It has been reported that the protein Raf-1 can function as a negative regulator as well as a stimulator in the EGFR/Ras/Raf/MEK/ERK cascade depending on the sites of phosphorylation, and inhibitory phosphorylation sites on Raf are activated by ERK, indicating a negative feedback mechanism in the cascade (26) . It was found that EGF-induced ERK activation is maximal after treatment with 100 ng/mL EGF and that a further increase in the EGF dose does not change the level of ERK phosphorylation. Surprisingly, it was found that EGF stimulation of photochemically treated cells increased the phospho-ERK level above the maximum level inducible by EGF. These results also indicate a rate-limiting step in the EGFR-ERK signaling cascade downstream of EGF and shows that PDT stimulates ERK activation at a level downstream of this rate-limiting step.
The activation of ERK observed 5 min after PDT was transient in both cell lines and declined after 2 h. An increased expression of MKP-1 observed 2 h after PDT seemed to parallel the kinetics of inactivation of ERK as reported by Tong et al., who argued that MKP-1 was a negative regulator of ERK after Photofrin-PDT (15) . The present results are, however, not in accordance with Tong et al. because the immediate activation of ERK in NuTu-19 cells declined to a similar extent irrespective of inhibition of MKP-1 expression. Tong et al. also showed that the immediate activation of ERK after Photofrin-PDT correlates with PDT resistance and that the activation of ERK serves as a rescue signal after Photofrin-PDT. This is also in contrast to the present study, where no increased cell death was observed when PDT and PCI were done in the presents of the MEK inhibitor PD98059. Reactive oxygen speciesinduced activation of ERK has been shown to stimulate both death and survival dependent on the experimental treatment regime (13) . We find it interesting that the strong ERK activation observed here seems to have no direct influence on cell survival, and the role of this immediate signal must be further investigated.
The p38 MAPK serves as a part of a signaling cascade controlling cellular responsiveness to cytokines and stress stimuli. The protein cascade eventually activates multiple transcription factors regulating cell survival and death like p53, Max/Myc, Stat1, and ELK-1 (13) . PDT with different photosensitizers has been shown to activate p38. The function of this activation seems, however, to depend on both the photosensitizers and the cell line used. Zhuang et al. have reported that p38 phosphorylation observed shortly after Rose Bengal-PDT activates caspase-3 and participates in an apoptotic process (27) and p38 activation has also been linked to Pc4-PDT-mediated apoptosis by the group of Oleinick (28) . On the other hand, p38 phosphorylation has been shown to protect cells from p38 Induces Death but JNK Rescues Cells from TPPS 2a -PDT Hypericin-PDT (19) , in contrast to Photofrin-PDT where p38 activation seems to have no influence on the treatment outcome (29) . Activation of p38 by PDT has also been associated with induction of VEGF following both hypericin-mediated and benzoporphyrin derivative monoacid ring A -mediated PDT (30, 31) . The present report indicates that activation of p38 is an immediate death signal after TPPS 2a -PDT. Oxidative stress can activate p38 by different mechanisms; direct or indirect activation of apoptosis signal-regulating kinase 1 or MKK1-4, activation of growth factors, and activation of members of the tumor necrosis factor family of receptors (13) . Little is known about the molecular mechanism behind PDT-induced p38 activation. Hendrickx et al. have shown that phospholipase A2 contributes to the p38 activation following Hypericin-PDT, but because p38 activation is a survival signal after Hypericin-PDT, whereas it serves as a death signal in TPPS 2a -PDT, we believe the activation after TPPS 2a -PDT is caused by other mechanisms. As shown for phospho-ERK in Fig. 3B , we have also observed that p38 phosphorylates on administration of NaVO 4 , and it is possible that the PDTmediated p38 activation reported here is caused by photochemical damage of phosphatases as proposed for the ERK activation above. Further studies must, however, be done to conclude on the mechanisms controlling TPPS 2a -PDT-induced activation of p38.
JNK is known to be activated by a variety of environmental stresses like UV, g-radiation, and cytokines (13) . The JNK protein cascade can activate several transcription factors like c-Jun, ATF-2, Elk-1, p53, and STAT3, and as for p38, stress-activated JNK can induce both rescuing and killing signaling. PDT has been shown to activate JNK with different photosensitizers (11, 18, 19) and we also show here that TPPS 2a -PDT induces a dose-dependent activation of JNK in NuTu-19 cells. Assefa et al. have reported that activation of JNK protects HeLa cells from Hypericin-PDT (19), whereas Hsieh et al. have shown that activation of JNK have little effect on Photofrin-PDT triggered cell death (32) . Because the activation of JNK reported here occurs f1 h later than the immediate p38 and ERK activation, JNK is probably activated by different mechanisms than both p38 and ERK. As the activation of JNK seems to rescue cells from TPPS 2a -mediated PDT, the mechanisms behind the activation should be further explored.
In conclusion, TPPS 2a -PDT induces MAPK signaling as presented in Fig. 7 . The PDT-induced effects on ERK, p38, and JNK signaling reported here are not dependent on the amount of the photosensitizers localized on the plasma membrane at the time of light exposure. The present report shows that the MAPK signaling after TPPS 2a -PDT is not dependent on EGFR activation and will therefore probably not be affected by PCI of EGFR targeting drugs using EGF or cetuximab as targeting ligands. Mapping the intracellular signal transduction after PDT is important to understand the mechanism of action that induce cell death after PDT and PCI and can probably be used to predict drugs suitable for PCI. PCI can be considered as a multimodality therapy between PDT and the drug of interest. Combination therapy strategies are becoming increasingly relevant in the treatment of cancer, and enhanced therapeutic effects have been shown by combining PDT with other anticancer agents (33 -35) . The present report adds important information for PCI as well as molecular response-based combination therapy strategies with PDT.
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